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ARTICLE INFO ABSTRACT 

Keywords: The sudden incidence of shear failure in the structural elements of the concrete entails using shear 
Shear failure ; reinforcement in order to enhance the ductility. This study presents the use of an innovative steel 
dia technique reinforcement technique in reinforced concrete beams. The steel bars were composed in a form 
Inclination like that of the flamingo bird. Five beams with dimensions of 200 mm x 300 mm x 1500 mm were 
Free ends j Š : ; n 
Ductility cast, cured, and evaluated in shear under four-point bending. One beam has been reinforced using 


the conventional steel stirrups as a control beam, while the new flamingo technique reinforced 
the other four beams in the shear zone with the parameters of variation in the inclination and 
lengths of the lower and upper free ends. The results revealed that the use of the flamingo 
technique has perfectly increased the shear capacity of the beam, and ultimate deflection, 
increased the shear ductility and decreased the crack width. 


Shear capacity 


1. Introduction 


Concrete shear reinforcement improves ductility and prevents sudden shear failure. Diagonal cracks start near the supports and 
extend to the top zone, indicating shear failure. Consequently, the intersection caused by any reinforcement type restricts diagonal 
crack extension and resists shear forces to a certain limit. Steel reinforcement bars are shear reinforcements (i.e., stirrups). Steel 
stirrups are used to resist high shear stresses in beams [1-3]. 

Many studies exhibit the efficiency of using different shear reinforcement techniques such as steel plate [4—7], steel strip [8,9], 
swimmer bar [5,10-12], and lacing reinforcement instead of the traditional steel stirrups [13]. However, steel plate and steel strip 
techniques have differed from the other techniques since they adopted new forms of steel material in reinforcing the structural 
members in shear despite their use with an equivalent area to the traditional steel stirrups. The swimmer bar and lacing reinforcement 
techniques represent conventional steel bars in irregular forms. In contrast, the swimmer bar system is a new shear reinforcement 
technique in which the small-sized bars are inclined with the two ends bent horizontally while both are welded to the lower and upper 
longitudinal steel reinforcement. 

The swimmer bars were also used to reinforce the flat plates in order to resist punching shear failure [14]. The results have shown 
that using swimmer bars improves the punching shear strength by 8.3% and increases the slab’s rigidity. Furthermore, the slab 
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thickness can be reduced with the use of spaced swimmer bars. Also, the drop panel can be avoided. 

Lacing can be described as a continuous form of shear reinforcement that differs from the traditional steel stirrups in that it has been 
placed in the major bending plane and anchored by the cross bars [15]. The lacing reinforcement was used by Srinivasa Rao, Sarma, 
Lakshmanan and Stangenberg [15] in reinforcing 20 cantilever beams subjected to cyclic and monotonic loads. Several forms of lacing 
reinforcement, such as inclined-welded lacing, inclined bolted lacing, single-leg lacing, and rectangular lacing, were used as shear 
reinforcement. They concluded that the inclined lacing form provided a better response, and that the lacing reinforcing system can be 
effectively used to secure ductile failure even in the presence of high cyclic shear. Using a lacing bar system as shear reinforcement in 
reinforced concrete elements results in large deflections and promotes reinforcement by its strain hardening stage [16-18]. Mad- 
heswaran, Gnanasundar and Gopalakrishnan [19] studied the ductile behaviour of the laced reinforced geopolymer concrete beam 
(LRGPC) with the ratio of shear span-to-depth < 2.50 since ductile failure cannot be achieved with the use of the traditional steel 
stirrups below this ratio [11,20,21]. Subsequently, they enhanced the ductile failure of the beams by using the inclined lacing bars. 
Allawi and Arshad [22] investigated the lacing reinforcement effect on the flexural behaviour of 1-way slabs. 

Generally, this study presents the use of the new technique of shear reinforcement, “which is the flamingo technique, since it is 
formed like the flamingo bird, while Kueres, Ricker and Hegger [23] investigated this reinforcement system for the first time. He 
developed a new punching shear reinforcement, which has been used for footings due to the steeper inclination of the shear cracks, 
which required punching shear reinforcement with inclined bars rather than vertical bars. The shear crack widths can be efficiently 
controlled with the new element of the punching shear reinforcement (Fig. 1a) in the reason for the inclination of various sections. 
Hence, shear cracks are crossed several times (Fig. 1b). Moreover, the punching shear reinforcement’s perfect activation is achieved by 
the reinforcement element’s rigid anchoring. Kueres, Ricker and Hegger [23] performed 15 tests on the footings of the reinforced 
concrete using a new punching shear reinforcement element according to different influencing parameters, including concrete 
compressive strength, shear span-depth ratio (a/d), column perimeter-depth ratio (u/d), longitudinal reinforcement at compression 
side, and diameter and layout of the punching shear reinforcement. Results showed that the use of the new punching shear rein- 
forcement increases the punching shear strength for the foot by about 35% compared with the traditional stirrups” [24]. Fig. 2(a, b, 
and c) shows three modes of punching shear failure. 

The recent study investigates the use of the flamingo shear reinforcement in reinforcing the concrete beam with different lengths at 
both lower and upper ends and various inclinations; the next section exhibits the experimental work, results, and discussion. 


2. Method 
2.1. Concrete mix 


The ACI method for concrete mix design was used for a mix with a 28-day compressive strength (fc) of 40 MPa and a slump value of 
130 mm. Table 1 shows the concrete mix constituents used in this work. 


2.2. Flexural and shear reinforcement 


Table 2 shows the “deformed steel bars of different sizes used in reinforcing the beams in shear and bending. Consequently, the @ 
8 mm is used as stirrups in the control beam. In contrast, @ 6 was used in the fabrication of the flamingo technique with an equivalent 
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Fig. 1. New punching shear reinforcement element. 
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Fig. 2. Punching failure modes. 


Table 1 
Concrete mix constituents. 
Designation C40 
“Cement Sand Gravel Water S.P w/c Slump (mm) 
(kg/m*) (kg/m*) (kg/m*) (kg/m*) 
450 860 860 252 0.33% 43% 130 mm” 


area as compared with that of @ 8 mm, @ 16 as flexural reinforcement, and 2 @ 12 are placed at the compression zone to stabilise the 
steel and carbon yarn stirrups (it is a fibre collected to form a bundle, then twisted and drew around the longitudinal main rein- 
forcement like the traditional steel stirrups). The concrete cover for all is 25 mm. Fig. 3 shows the reinforcement details for the control 
beam. Fig. 4(a, b, and c) shows the schematic diagram for the beams reinforced with the flamingo technique and details of the 
reinforced section with the 3D model” [24]. 


2.2.1. Fabrication of Flamingo model 

The following procedures show the fabrication of the flamingo reinforcement model: (i) The first step is represented by the 
preparation of the Z-shapes with the various angles of inclination (30°, 40°, and 60°) for the lower and upper free ends in the horizontal 
direction (see Fig. 5). However, both of these ends differed in length, (ii) Weld the head stud to the free ends (doubly head), as shown in 
Fig. 6, and (iii) Finally, “the models are welded to the upper and lower longitudinal reinforcement, as shown in Fig. 7”. 


3. Experimental programme 


Ordinary wood of 25 mm thickness and moulds with dimensions of 200 mm x 300 mm x 1500 mm were used to “cast the beam 
specimens. The mould’s internal walls and base have been oiled to inhibit the concrete’s adhesion with them. One control beam in 
which the traditional steel stirrups are used, while the other four beams are reinforced by the flamingo technique and symbolised by Fx 
% y% ©, where x% and y% represent the ratio of the length of the lower and upper free ends to the distance limited by the centre of the 
top and bottom longitudinal reinforcement” [24]. Table 3 lists the beam specimen details. 


4. Instrumentation 


The central deflection was measured at any applied load by using the LVDT. Strain gauges were installed on the steel reinforcement 
to monitor the strains with applied force. Table 4 illustrates the characteristics of both strain gauge types. The strain gauge location was 
installed at the centre of the main reinforcement (flexural reinforcement) from the bottom and in the middle of each shear rein- 
forcement stirrup, while for flamingo reinforcement, it was installed in the middle of each free end. For measuring the width of the 


Table 2 

Properties of reinforcing steel bars. 
“Nominal diameter Cross-section Area fy fy 
(mm) (mm?) (MPa) (MPa) 
8 50.24 450 747 
12 113.04 425 700 
6 28.26 400 720" 
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a: Schematic diagram for beams which the flamingo technique has reinforced. 
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Fig. 4. Reinforcement details for the beam. 


crack, an optical micrometre with a 0.02 mm accuracy has been utilised for all of the beam specimens. The surfaces of the beam have 
been painted white to make it easier to see the crack and measure the width. 


5. Results and discussion 
5.1. Load-carrying capacity 

Table 5 shows the test results for all beams. “It can be observed that the use of the flamingo reinforcement system leads to an 
increase in the load-carrying capacity for the Fı 60% 80% 30°, F2 60% 80% 40°, F3 60% 80% 60°, and F4 45% 75% 40° by 47%, 


42.72%, 30.3%, and 24.85% respectively, as compared with the RCWS. However, the four flamingo beams were reinforced in shear, 
with the reinforcement area equal to that of the reference beam. This is attributed firstly to the frequent intersections that the flamingo 
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Fig. 7. Details of all specimens. 


Table 3 

Details of tested beams [24]. 
“Specimen Description Specimen Type 
RCWS Using Ø 8 steel stirrups mm at 130 mm Control beam 
F1 60% 80% 30° With 60% lower-end length and 80% upper-end length with a 30° angle of inclination 
F2 60% 80% 40° With 60% lower-end length and 80% upper-end length with a 40° angle of inclination 
F3 60% 80% 60° With 60% lower-end length and 80% upper-end length with a 60° angle of inclination 
F4 45% 75% 40° With 45% lower-end length and 75% upper-end length with a 40° angle of inclination” 


S.M. Abd et al. Case Studies in Construction Materials 17 (2022) e01618 


Table 4 
Properties of strain gauges. 
“Type of the Gauge Resistance in Size of the Grid (mm) Dimensions of the Gauge 
Q 
Length (mm) Width (mm) 
BF350-1AA 120 1x 3.75 4.7 4.6 
BF120-20AA 120 20 x 3.50 25 5” 


system legs achieved across the shear crack path, which restricts the crack propagation, and secondly to the inclination of both the 
lower and upper free ends. Nonetheless, the ultimate load of the F2 60% 80% 40° and F3 60% 80% 60° decreased gradually with the 
increase in the angle of the inclination of lower and upper free ends for the reason of the space that the upper free end realised with the 
increase in the inclination. Hence the concrete has only resisted the stresses in this zone. The beam F4 45% 75% 40° showed a high 
reduction in shear strength despite that it is with the same inclination of F2 60% 80% 40°. The sudden drop in the shear strength is 
attributed to the 15% decrease in the length of the lower free end. The table also illustrates the ultimate deflection values for the last 
five beams. The beam F; 60% 80% 30° showed a 40.15% increase in deflection compared to the control beam RCWS. This is attributed 
to the longitudinal reinforcement’s plastic deformation since the beam failed in flexure. While the beam F2 60% 80% 40° showed a 
minor deflection increase compared with the control beam RCWS. This belongs to the increase in the post-cracking stiffness that the 
last yields. On the other hand, both F3 60% 80% 60° and F4 45% 75% 40° presented a reduction in the ultimate deflection valued by 
18% — 19% in spite of their as compared with the control beam RCWS. This is attributed to the excellent post-cracking stiffness that the 
two beams present” [24]. 


5.2. Load-deflection behaviour 


Fig. 8 illustrates the load-deflection behaviour for five beams; as can be seen, all curves are identical in the region bounded by the 
load inception until the load of 20 kN. The response is characterised by linearity during this stage since the concrete is still uncracked. 
However, the curve of the beam F4 45% 75% 40° is separated beyond this load to yield lower deflection in comparison with the other 
curves at the same load for the reason of the higher stiffness that the former showed. While the post-cracking stiffness is decreased 
gradually for the F; 60% 80% 30°, F2 60% 80%,40° F3 60% 80% 60° respectively. 


5.3. Load-concrete strain behaviour 


Fig. 9 shows the load-strain behaviour for all beams’ concrete in the compression zone. As can be observed, the control beam RCWS 
yields high concrete compressive strain as compared with the other beams at the same loads, while F4 45% 75% 40° yields lower 
concrete compressive strain until the load of 325 kN, beyond which the strain increases abruptly. The F2 60% 80%,40°, and F3 60% 
80% 60° curves show correspondence at the region from the load initiation till the load of 150 kN, after which the beam F2 60% 80% 
yields lower concrete compressive strain as compared with the other beams until failure. While the load-deflection behaviour shows 
that the beam F3 60% 80% 60° exhibited lower deflection than the F2 60% 80% at the same load during this stage. This can be 
explained by the variation in the movement of the neutral axis between the last two beams where the strain of the longitudinal steel 
reinforcement shows a nonuniform increase in the F3 60% 80% 60°. The RCWS strain profile is shown in Fig. 10. Finally, more or less 
similar behaviour has been observed in previous research work such as that of Kueres, Ricker and Hegger [23]. 


5.4. Shear ductility 


The representation of a broad understanding of ductility in structural engineering is the ability of the member to deform as the load 
continues to be applied after the maximum load stage [25]. Fig. 11 uses two different definitions of the shear ductility index (u). The 
shear ductility index (u) is computed by the ratio of the area under the load-deflection curve restraint up to 0.75 of the ultimate loads 
(0.75 Pmax) in the downward portion to the area up to the ultimate load (Pmax). 

Table 6 shows the shear ductility index for all beams; “as can be observed, the shear ductility index increased gradually for F4 60% 
80% 30°, F2 60% 80% 40°, and F4 45% 75% 40° by 4.13%, 5%, and 52% and decreased for F3 60% 80% 60° by about 8.26% as 
compared with the control beam RCWS. The beam F4 45% 75% 40° presented a clear enhancement in the shear ductility, indicating the 
flamingo technique’s considerable influence” [24]. 


Table 5 
Test results for the five beams. 
Specimen Ultimate load Au % Diff. in Au 
kN mm 
RCWS 330 13.2 - 
F1 60% 80% 30° 485 18.5 40.15% 
F2 60% 80% 40° 471 13.3 1% 
F3 60% 80% 60° 430 10.8 -18.2% 
F4 45% 75% 40° 412 10.7 -18.94% 
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Fig. 8. Load-deflection curves for all beams. 
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Fig. 9. Load-concrete compressive strain for all beams. 


5.5. Cracking behaviour 


The cracking details for all beams are presented in Table 7. “When the load has been applied on those beam specimens, the first 
crack has been formed at 16.66%, 12.3%, 14.5%, 16.2% and 14% from the ultimate load of RCWS, F; 60% 80% 30°, F2 60% 80% 40°, 
F3 60% 80% 60° and F4 45% 75% 40°, respectively. However, the cracking load is clearly increased with the use of the flamingo 
technique as compared with the traditional stirrups. The beams F2 60% 80% 40° and F3 60% 80% 60 showed higher cracking load as 
compared with the Fı 60% 80% 30° and F4 45% 75% 40° for a reason for the higher ability to bend that both last two beams exhibited 
hence the concrete in the tensile zone cracked at lower load. The table also shows the crack width at the advanced loading stage. The 
crack width decreased for Fı 60% 80% 30°, F2 60% 80% 40°, F3 60% 80% 60° and F4 45% 75% 40° by 4.8%, 46.3%, 26.8% and 14.63% 
as compared with the control beam. The cracks model behaves differently from one beam to another due to the change in the incli- 
nation angle of the free legs and the type of failure of the beam, the type of failure of the beam F; 60% 80% 30° was crushing in the 
concrete between the loading points, while F2 60% 80% 40° and F3 60% 80% 60° failed in shear-flexure and F4 45% 75% 40° in a pure 
flexure. Fig. 12 (a, b, c, d, and e) shows the failure modes of beams” [24]. 
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Fig. 10. Strain profile for all beams. 
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Fig. 11. The method of computing the shear ductility [26]. 
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Table 6 
The index of the shear ductility (u1) of all beams. 
Specimen Ultimate load kN Au mm Index of Shear ductility (p1) Increase in the shear ductility (%) 
RCWS 330 13.2 1.21 - 
RCWOS 266 7.29 1.22 - 
F1 60% 80% 30° 485 18.5 1.26 4.13% 
F2 60% 80% 40° 471 13.3 1.27 5% 
F3 60% 80% 60° 430 10.8 1.11 -8.26% 
F4 45% 75% 40° 412 10.7 1.84 52% 
Table 7 
The cracks details for all specimens. 
Specimen Crack load Per (kN) Ultimate load Pu (kN) Pcr/Pu (%) Ultimate crack width Wu (mm) 
RCWS 55 330 16.66% 0.065 
Fı 60% 80% 30° 60 485 12.3% 0.06 
F2 60% 80% 40° 68 471 14.5% 0.11 
F3 60% 80% 60° 70 430 16.2% 0.15 
F4 45% 75% 40° 58 412 14% 0.115 


6. Conclusions 


1. The flamingo technique showed better results than the traditional steel stirrups in terms of load-deflection behaviour, post-cracking 
stiffness, cracking behaviour, and crack width. 

2. The flamingo technique with 30° inclination yields high load-carrying capacity and larger deflection; hence it is considered the 
optimum case of this technique. 

3. The F4 45% 75% 40° showed lower load-carrying capacity, lower ultimate deflection, higher post-cracking strength, and a higher 
shear ductility index. 

4. The variation in the movement of the neutral axis for both F2 60% 80% 40° and F3 60% 80% 60°. This explained the conflict 
between load-deflection and load-strain behaviour. 


a: Crack pattern for RCWS 


b: Crack pattern for Fı 60% 80% 30° 


c: Crack pattern for F2 60% 80% 40° 


d: Crack pattern for F3 60% 80% 60° strain profile 


e: Crack pattern for Fy 45% 75% 40° 


Fig. 12. Crack pattern for all beams. 
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5. The reduction in the length of the lower free end by 15% leads to a decrease in the load-carrying capacity. 
6. Both F3 60% 80% 60° and F4 45% 75% 40° showed shear failure, while F2 60% 80% 40° failed in a shear-flexure and F; 60% 80% 
30° in pure flexure. 
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